Serum samples from patients infected by organisms of Leptospira interrogans serogroup Australis were tested by Western blot to determine the nature of major antigens that are involved in the immune response. Although there was some patient-to-patient variability, immunodominant genus-specific antigens were found to be proteins of apparent molecular ratio 68, 46 and 35-kDa, and lipopolysaccharide (LPS) sub-units in the 35-14-kDa region. Serogroup epitopes specific for Australis were exclusively saccharides of about 32 and 24 kDa: a serovar-specific antigen for serovar lora was of 38-40 kDa and behaved like a protein. Antibodies to the LPS serogroup-specific antigens and to the 38-40 kDa protein were long-lasting and consequently suggest that these
INTRODUCTION
Leptospirosis is an acute febrile illness which varies in severity from mild to fatal cases. Studies on the antigens of Leptospira were carried out, but the complexity of their composition and especially the different techniques used in different laboratories made it difficult to come to conclusive findings [1] [2] [3] . The adoption of immunoprecipitation, enzyme-linked immune assays and Western blotting has led to a greater knowledge of the nature of some of the Leptospira antigens, their localization and specificity at genus or serogroup level. Studies carried out by the Australian authors [4] [5] [6] identified serovar-and serogroup-specific antigens by Western blotting within the serogroups Sejroe, Icterohaemorrhagiae and Pomona, some of which were identified by monoclonal and some by polyclonal immune sera. The majority were found to be localized in the LPS-like component of the cell. Ono [7] , Masuzawa [8] , and Schoone [9] reached similar conclusions and identified serovar-specific epitopes within the groups Canicola and Icterohaemorrhagiae.
No antigenic analysis has been performed at the molecular level of serovars within the serogroup Australis. This group of Leptospires is widespread in Europe in wild and domestic animals and man, giving a high rate of Leptospira infection in Italy [10] [11] [12] . In 1984 a localized waterborne outbreak of leptospirosis occurred in central Italy; antibodies in the patients' sera and epidemiological investigations indicated that the serovar involved in the infection belonged to the Australis serogroup [13] .
The aim of the present study was to investigate the immunodominant antigens involved in human antibody response to natural infection by strains of Leptospira interrogans, serogroup Australis, by Western blot technique, using human sera from patients known to be infected by serovars of Australis serogroup. The time course of IgM and IgG responses to the various antigens during different stages of infection were also investigated in order to elucidate the significance of those antigens in relation to immunity and diagnosis.
MATERIALS AND METHODS

Strains and media
Strains of L. interrogans were obtained from our reference collection. [14] up to a density of about 10 ~ leptospires/ml. For subsequent processing the strains were harvested by centrifugation at 10000 × g for 30 rain, washed twice in phosphate buffered saline and resuspended to approx. 5 × 109 leptospires/ml.
Human sera
Two or three serum samples were sequentially obtained from six patients who became infected through drinking contaminated water [15] . They have been indicated with the arabic numbers 1, 7, 8, 9, 12, 17. Samples were collected: (a) immediately; (b) 18 months; and (c) 36 months after the epidemic outbreak. The sera were tested by the microagglutination test (MAT), employing serovars circulating in Italy, as previously described [15] . Though no Leptospira isolation was performed from the patients' exhaustive serology by MAT carried out during the outbreak, it indicated that the causative organism was a member of serogroup Australis.
Preparation of proteinase K digested material
Suspensions of [eptospires of strains Riccio 2, Riccio 37 and Ballico were disrupted by sonication 4×15 s at 20 kHz and were lysed and digested with proteinase K (Sigma, St. Louis, MO) as described by Hitchcock and Brown [16] . These lysates were referred to as PKD preparations.
SDS-PAGE electrophoresis, staining and Western blotting (WB)
The leptospiral suspensions were disrupted by sonication and the protein concentration of the whole sonicate was determined by the Coomassie blue binding assay (BIORAD). SDS-PAGE was performed as described by Laemmli [17] with a 12.5% (w/v) acrylamide running gel and a 3.65% (w/v) stacking gel, loading 15 /xl of 1.25-1.5 mg/ml protein for each sample. As weight markers, standard proteins of known molecular masses were employed (Rainbow, Amersham, UK). Gels were either stained with Coomassie blue or with a silver staining specific for lipopolysaccharides [18] . Immunoblotting was performed from the gels as previously described [19] , with some modifications: the blotted nitrocelluloses were blocked with 2% (v/v) bovine serum albumin and 0.5% (w/v) Tween 20 in 20 mM Tris-buffered saline, pH 8.3 (TBS). The nitrocelluloses were then washed and incubated with 102 diluted human sera in TBS containing 0.1% (w/v) BSA and 0.05% (w/v) Tween 20. After 90 rain incubation and three washings in TBS containing 0.1% Tween 20, the nitroceUuloses were incubated with 1:1000 dilution of alkaline phosphatase-conjugated anti-human IgM or IgG (Sigma) for 60 min. After three washings the substrate was added, consisting of 7.5 mg of 5-bromo-4-chloro-3-indolyl phosphate and 15 mg of Nitro Blue Tetrazolium (Sigma), in 25 ml of Tris HC1 25 mM, plus NaCI 0.15 M, pH 9.5, until colour development. The strips were finally washed with distilled water and the intensity and molecular ratio of the bands calculated.
Proteinase K and periodate treatment of blotted materials
The nitrocelluloses containing the blotted materials were subjected to protein digestion by overnight incubation with 100 /xg/ml proteinase K (Sigma), in 10 mM phosphate buffered saline pH 7.4 and 37°C, or to periodate oxidation by incubation for 1 h in the dark with 10 mM periodate in 50 mM sodium acetate buffer pH 4.5 and 23°C, according to Woodward et al. [20] .
RESULTS
SDS electrophoresis profiles of the Leptospira strains and PKD preparations
Electrophoretic profiles of the Leptospira strains stained by Coomassie blue gave a complex pattern of protein bands with M r ranging from 28-140kDa ( Fig. 1 ). Only slight differences were observed among the different serovars. Common major bands were at the following molecular masses: 140, 100, 96, 90, 70, 66-68, 52, 46 and a doublet at 35-33 kDa. Faint common bands were visible in the 25-13 M r region. SDS profiles of PKD preparations of strains Riccio 2, Riccio 37 and Ballico were stained with the silver staining specific for LPS, as shown in 
Titration of sera by MAT
Agglutinating antibodies were recorded at high titres against the three serovars of groups Australis, with an apparent higher reactivity with strains Riccio 37 and Riccio 2 than with Ballico (Table 1 ). The titres declined in subsequent serum samples. Cross-agglutinations were observed with serovars belonging to other serogroups, e.g. Icterohaemorrhagiae, (strains Bianchi and Wijnberg) Sari (strain Mini) and Canicola (strain Alarik); these titres were generally low and decreased during the time of the investigation. The overall MAT data confirmed that the infecting serovar was a member of serogroup Australis. Table 2 summarizes the banding patterns obtained by Western blotting of the Leptospira strains against the patients' sera collected at different time intervals. The band patterns varied from patient to patient [5, 15] . However, a prevalent common type of band could be recognized. Bands of immunocomplexes ranged between 90 and 13 kDa; bands of high intensity were identified in the majority of the samples at 68, 46, 38, 35, 24, 20-22, 18 and 13 kDa; though with a different arrangement of patterns, they were found in all the patients' sera. Each serum contained both IgM and IgG which reacted, at different intensity and time, with the major antigens. A major band of 68-kDa was revealed only by lgG, whereas both IgM and IgG reacted with the other bands, with a net dominance of IgM reactivity in the 28-18 kDa region of the blot.
Band patterns of the sera reuealed by irnmunoblotting
Time course of antibody appearance
According to Table 2 the serial set of sera from each patient (a, b, c) revealed a predominant IgM response even 36 months (c) after the onset of the disease, with patient-to-patient differences. In general, antibodies against the high molecular mass bands (> 38 kDa) were present in the first serum samples (a), with the exception of serum no. 7 (revealed by IgM) and serum no. 12 (revealed by IgG). Bands at lower kDa ( < 24) tended to persist longer.
Regarding the time appearance of each band, antibodies to the 68-kDa and the bands at 24, 20-22, 18 and 13-kDa appeared early and persisted. The 38-kDa band reacted with early IgG and with late IgM; the 35 and 46 bands tended to be evident in sera taken soon after infection. These data demonstrate that some antigens of Leptospira are widespread within the genus and only some of them are involved in the agglutination test: thus strains Wijnberg, Bianchi and Sari which were not agglutinated by sera la and lb, gave a clear set of bands common to strains of group Australis.
Serogroup and serouar specific antigens.
Some bands of 32 and 24 kDa that were visualized only in strains of the serogroup Australis (arrows in Fig. 4 , lanes D, E, F) reacted with IgM. In a few sera these bands were recognized also by IgG (Table 2 ). Serovar specific bands were difficult to visualize, due to the close antigenic affinities among the three serovars of serogroup Australis. However, in blots with late serum samples, Figs. 5 (A) and (B), an immunodominant band at 38 kDa became evident; this antigen reacted with IgM and IgG ( Table 2) and was constantly present in strain Riccio 37 only.
Nature of the immunodominant antigens
In order to examine the chemical nature of the immunodominant antigens described, the nitrocelluloses (after transblotting of sonicated anti- gens) were treated with proteinase K to eliminate protein epitopes, and/or with periodic acid to destroy the saccharides. After protein digestion with proteinase, only bands between 13 and 24 kDa remained. This is shown in Fig. 6 , which represents the reactivity of serum lb with proteinase treated antigen. Blots of strains Alarik, Bianchi, Wijnberg, Sari, Riccio 2, Riccio 37 and Ballico after proteinase K treatment reacted with both IgG (Fig. 6 (A) ) and IgM ( Fig. 6 (B) ) in the 24-14 kDa region. Figure 6 (B) also shows that the reactivity persisted towards members of the serogroup Australis as low molecular weight bands of washboard shape, in the 24-13 kDa area. This zone corresponds to the area of lipopolysaccharide bands, as shown by electrophoresis and silver staining (Fig. 2) . These bands were not stained by Coomassie blue ( Table 2 Western blotting of human sera to strains of serogroup Australis these bands bound IgM (Fig. 6 (B) ) whereas bands cross-reacting with heterologous serovars (Fig. 6 (A) ) bound to IgG. Proteinase treatment also eliminated the reactivity at 38 kDa, suggesting that the relevant antigen is of protein nature (Fig. 5 (C) )
No band in the 35-13 kDa was visible after treatment with periodic acid.
DISCUSSION
Although there have been extensive studies on Leptospifal antigens employing monoclonal [4, 6, 7, 9] or polyclonal rabbit immune sera [21, 22] , little information is available about the specific antigens which are immunodominant in natural human leptospirosis; only Chapman [5, 26] described some antigens recognized by the human response to L. hardjo infection. In this study we planned to identify the immunodominant antigens recognized by humans after infection by leptospires of the serogroup Australis. The investigation made possible the availability of sequential sera obtained from subjects infected by leptospires of serogroup Australis and obtained in the acute and late stages of infection.
While slight cross-reactions among serovars belonging to different serogroups were detected by MAT, Western blot detected a range of antigens common to serovars icterohaemorrhagiae, copenhageni, sari and canicola in addition to members of the Australis serogroup. This result was expected because Western blot reveals subsurface epitopes. Some of these common antigens, albeit with some degree of patient variability, were constantly found and represent immunodominant genus specific antigens. According to their molecular weight, their reactivity with silver staining specific for polysaccharides and their sensitivity to proteinase K treatment, some of the antigens behave like proteins, others like polysaccharities. Sera from four of the six patients contained antibodies to an immunodominant antigens at about 68 kDa. This antigen is probably the p64 protein recently described in leptospires by Ballard [23] , which is present in a wide range of bacteria and recognized as heat-shock chaperon proteins. Antibodies against this genus specific antigen were IgG and were found in the first specimen of serum.
A 35-kDa was common to different serogroups of leptospires and corresponded to a main Coomassie blue stained doublet: it behaved as a genus specific antigen and corresponds to the flagellar antigen described in leptospires of serogroups Sejroe, Pomona, lcterohaemorrhagiae, Canicola, Grippothyphosa of L. interrogans and serovar pactoc of L. biflexa [5, 24] . Antibodies to the 35-kDa component were not detected in all sera but, when present, were both IgG and IgM.
A new genus specific immunodominant antigen at 46 kDa is described: it is strongly immunogenic and elicits early antibodies. Each of the antigens described were recognized in the protein profile of Leptospira strains (Fig. 1) stained by Coomassie blue.
The majority of the common antigens were constantly visualized in the 28-13 region of the blots. Although diffuse they could be resolved into 28, 20-22, 18 and 13 kDa antigens (Fig. 3) corresponding to LPS moiety, confirmed by the silver staining of the PKD of the leptospires after electrophoresis and by the proteinase K digestion of the blots. Both IgG and IgM classes of antibodies were found directed towards these antigens (Table 2) in the first serum sample. However, in late serum samples only faint bands or no band were visualized in the 28-13 kDa region, except for serovars of the group Australis (Fig. 4) . The constant presence of low weight common bands in all the patients' sera ( Table 2 ), suggest that the related LPS epitopes contribute to or can be responsible for the cross-interserogroup agglutinations which are usually detected in hu-295 man sera mainly during the acute phase of leptospirosis [25] . Recent work supports this hypothesis, thus monoclonal antibodies have identified leptospiral lipopolysaccharides as target antigens for agglutination [7, 21, 26] and also for protection against infection. Further, a major 28-kDa subunit of L. hardjo LPS [5] was shown to be surface-exposed.
Serogroup Australis specific antigens were also lipopolysaccharides: they were constantly visualized as bands at 32 and 24 kDa (Figs. 4 and 3 (A) ) in late serum samples, when the immunological response tends to become serovar-and serogroup-specific. Adler and Faine [6] also recognized serogroup-specific epitopes in two different LPS sub-units of L. pomona, by means of monoclonal antibodies.
A band at 38-40 kDa was readily detected in late serum samples by strain Riccio 37, although it was hardly visible in the first serum sample where it was marked by the diffuse anti-LPS reactivity. This was interpreted as representing a serovar-specific protein antigen for lora. This is the first indication that a protein acts as a serovar-specific marker in the natural immune response to humans to leptospirosis. This finding is apparently in contrast to reports concerning the carbohydrate nature of serovar-specific epitopes [6, 27] in Leptospira. In those investigations however, the mouse antisera were used. It cannot be ruled out that the human natural response protein antigen also contributes to the antigenic mosaic of the serovar. Nunes-Edwards et al. stressed the importance of some protein antigens for protection [22] and considered them to be localized on the outer envelope. Further work is planned in an attempt to characterize this antigen. Recent work on a serological follow-up of the patients involved in the same Australis outbreak by means of MAT was not able to discriminate between serovars lora and australis as the cause of the infection [15] . The identification of a 38-kDa antigen suggests that the infecting strain belonged to serovar lora.
Antibodies, mainly of the IgM isotype, against saccharide epitopes are predominant in the human natural response to leptospirosis caused by serovar lora of the serogroup Australis. They are 296 long lasting and consequently it is reasonable to suppose that they are responsible for MAT titres which can be detected many years after infection and that they play a fundamental role in immunity to re-infection. Resistance to infection in humans depends solely on serovar and serogroup reactive antigens having agglutinating and opsonic ability [4, 7] and, recently, LPS sub-units were found to play a major role in the immune response to serovars hardjo and pomona [4, 26] .
Our conclusions regarding the chemical nature of protective immunogenes support these findings, thus, in infection by lora, late antibodies are predominant towards the LPS moiety of the organism which contain the serogroup Australis specific determinants. However, a serovar-specific protein antigen of 38-40 kDa may also contribute strongly to the development of protective antibodies.
